ABSTRACT In this paper, an ultrafast active rectifier is presented for variable-frequency applications. Three-phase ac-dc converters (rectifiers) are extensively implemented in motor-drives, wind turbines, electric vehicles, and aircraft's power systems. In some technologies, e.g., more electric aircraft and drones, power systems may employ variable-frequency generators for higher efficiency and reliability indices. The proposed ultrafast rectifier is equipped by a step-ahead predictive control scheme, an instantaneous phaselocked loop (PLL), and a module of six SiC MOSFETs. The control scheme regulates the dc voltage and maintains unity power factor with an extremely low total harmonic distortion in the input currents. The instantaneous PLL, applicable only for three-phase systems, is integrated to the proposed variable-frequency control scheme in order to minimize the error in the power factor. The step-ahead predictive scheme and instantaneous PLL combination provides fast and smooth dynamic responses under rapid frequency transients. Experimental results are presented using a laboratory-scale SiC-based MOSFET 115 V LL /270 V dc rectifier, and the performance of the proposed controller is compared with a classical power factor correction controller in the presence of frequency ramp and step changes. The experimental results demonstrate a superior dynamic performance of the proposed ultrafast active rectifier.
I. INTRODUCTION
In the past decade, rectifiers have evolved from traditional multi-pulse diode bridges to pulse-width-modulated (PWM) or active rectifiers by replacing diodes and thyristors with solid-state self-commuted devices such as Si-based gate-turnoff thyristors (GTOs), MOSFETs, insulated bipolar transistors (IGBTs), and most recently gallium nitride (GaN) and silicon carbide (SiC)-based semiconductor switches [1] - [3] . With the implementation of these semiconductor devices, ac-dc conversion can be accomplished at unity power factor and with low harmonic distortions in the input current waveform. As a result, active rectifiers are now been implemented in a wide range of applications such as motordrives, uninterruptible power supplies, battery chargers, and wind turbines. However, rugged multi-pulse (12 or 18 pulse) autotransformer-diode-based rectifiers are traditionally preferred for electric systems in aircraft instead of high performance active rectifiers. The trend in aircraft systems is toward replacing the fixed-speed gearbox-generator-converter systems with variable-speed generator-converter systems [4] . An example of a variable-frequency, also referred as wildfrequency in aerospace applications, generation system can be found in the electric systems of Boeing 787 and Airbus A380, where the main ac-bus is regulated at a constant voltage but the frequency can vary between 360−800 Hz [5] .
The design and control of active rectifiers has been well discussed in literature, and summarized in review papers such as [1] . However, the design and control of active rectifiers for variable-frequency applications has recently attracted the attention of researchers. Traditionally, the control of an active rectifier is formulated based on dq0 theory, in which the PWM reference signal is generated from integration of deviations of measured dc-bus voltage and power factor (reactive power) signals from their desired values in q−and d−axis independently. If the frequency of the input ac source significantly varies, design and tuning the controller substantially becomes complex as the state matrix of the rectifier will be time variant [6] . Hence, the performance of the traditional control schemes will be affected by frequency variations. To enhance the system performance, adaptive and model predictive control (MPC) schemes can be implemented using fast processing field programmable gate arrays (FPGA) and micro-controllers. MPC schemes can be divided into two general categories: (i) finite control set (FCS) [7] , [8] and (ii) continuous control set (CCS) [9] , [10] . The main difference between these two techniques is in the use of a fixed versus a variable switching frequency in CCS and FCS, respectively. The latter may provide a higher bandwidth but it makes the thermal management, heatsink, and filter designs very challenging; particularly for sensitive applications, e.g. electric systems in aircraft.
Another challenge in designing a variable-frequency active rectifier is to accurately and rapidly obtain the frequency of the supply voltage without adding any additional sensor. A classical methodology to estimate the phase and frequency of a three-phase system is to apply a phase-locked loop (PLL) scheme [11] . The most common PLL structure has two feedback closed-loops to minimize the error between a known signal and a measured signal while the frequency and phase angle of the known signal are swept over a predetermined range. Therefore, the bandwidth of the PLL should be adjusted for an enhanced performance [12] . Adaptive control techniques [13] are also applied to dynamic parameter tuning algorithms in order to improve the performance of PLLs. Advanced techniques such as the real-time discrete Fourier transformation (DFT) [14] and steady-state linear Kalman filter [12] exhibit improvements in the dynamic performance of PLLs, particularly when the supply frequency rapidly varies, at the expense of increasing the computational burden of their implementation.
In this paper, an ultrafast step-ahead control scheme for variable-frequency active rectifiers is presented. The proposed scheme uses a step-ahead predictive algorithm in conjunction with an instantaneous PLL to regulate the dc-bus voltage and set a unity power factor with low total harmonic distortions at the ac side. At any switching cycle, the targeted terminal voltage is predicted for the next switching cycle, called one-step-ahead prediction. This calculation is done based on the system's model, estimated frequency, and desired values of the dc-bus voltage and ac side power factor. The generated space-vector is used as the reference signal for the space-vector PWM (SVPWM) block, thus similar to the MPC-CCS technique the switching PWM is fixed. In contrast to the MPC techniques, where a performance function is minimized to extract control rules or switching patterns, the proposed control scheme relies only on a single PI control loop to minimize the error in the one-step-ahead calculation [15] - [17] . In this work, the theory of error propagation is applied for the reactive power error under variablefrequency conditions to demonstrate the need of including an accurate and fast frequency estimation algorithm as part of the control scheme. As a result, the proposed control technique uses an instantaneous PLL in order to minimize this error under variable-frequency. The instantaneous PLL, which can be implemented only for three-phase circuits, does not require tuning as opposed to classical PI-based PLLs [11] . This feature simplifies the implementation of the PLL and shortens the computational time, which leads to a higher control bandwidth. Finally, an ultrafast rectifier can be achieved with reduced size filters only if fast switching semiconductors, e.g. SiC or GaN, are used. This paper contains four sections besides this introduction. In Section II, general formulations and the system description of the ultrafast rectifier are provided. In Section III, a model based dq−controller used in this work as performance benchmark is briefly presented and the step-ahead controller is derived and explained. Experimental results demonstrating the performance of both of the aforementioned control schemes are provided in Sections IV. Finally, Section V summarizes the findings of this work. 
II. SYSTEM DESCRIPTION AND GENERAL FORMULATIONS
The general structure of the proposed variable-frequency active rectifier is shown in Fig. 1 . The converter is a fully controlled two-level bridge with SiC-MOSFETs connected to a variable-frequency constant voltage three-phase supply through an inductive L filter. While, on the dc side of the converter, a dc-bus capacitor is implemented in parallel with the load. Considering only the voltage drop on the L filter, the system can be modeled as The system modeled by (1) can also be transformed from the abc-frame to any arbitrary reference dq0-frame of phase θ when implementing the following space-vector [18] . In particular, (1) can be modeled in the dq0 stationary reference frame, i.e. θ = 0, as shown in Fig. 2(a) , by the following space-vector differential equation:
where v R is the rectifier phase-to-neutral voltage spacevector, v pcc is the PCC phase-to-neutral voltage space-vector, and i s is the line current space-vector. If θ = ωt, the system can be modeled in the synchronously rotating reference frame as [18] 
where the voltage at the PCC is locked to the q-axis as depicted in Fig 
III. CONTROL SCHEMES FOR ACTIVE RECTIFIERS
In this section, the proposed control scheme for variablefrequency rectifiers is formulated and described in its two fundamental components: (i) the step-ahead algorithm and (ii) the instantaneous PLL. The use of the instantaneous PLL is justified by analyzing the error propagation in the estimated reactive power as a consequence of having a mismatch between the frequency used in the control algorithm and the actual system frequency. In addition, the model based dq−controller is described at the beginning of this section, since it is used in this work as a performance benchmark to experimentally evaluate the dynamic performance of the proposed controller.
A. MODEL BASED DQ−CONTROL SCHEME
The model based dq−controller, as shown in Fig. 3 , is formulated in the dq0 synchronously rotating reference frame. Here, the active and reactive power defined as can be controlled independently with i q and i d , when the reference frame is locked to the voltage at PCC, and thus, p = 3v pcc q i q /2 and q = 3v
Moreover, since the dc-bus voltage is proportional to p, this voltage can also be regulated in a similar way by controlling i q . Based on the above formulation, the regulation of the reactive power and dc voltage can be achieved with two decoupled current control loops using two PI-controllers, where the inputs of the controller are: the three-phase line-to-line voltages at the PCC, the three line currents, and the dc voltage, v dc .
For each control variable, the control scheme starts by computing the error of the signals. Then, the errors are fed to the PI controllers, which output the desired i 
B. ULTRAFAST STEP-AHEAD CONTROL SCHEME
The main objective of the proposed ultrafast variablefrequency control scheme is to regulate the dc-bus voltage and maintain a unity power factor at the ac mains. Consequently, the two control variables are v dc and the reactive power q. The proposed variable-frequency control scheme, as depicted in Fig. 1 From (7) 
where, p is set to a reference value calculated from the desired dc-bus voltage, v 
In addition, v pcc [k + 1] can be calculated for a three-phase voltage supply by shifting v pcc [k] by ωT s radians as
Here, ω = 2πf is the angular frequency at the PCC and can be estimated by a PLL. Finally, by replacing (9) and (10) into (7), the targeted rectifier voltage v R [k], which is required to regulate the dc-bus voltage when ac currents are at unity power factor, can be calculated at each sampling time, k, as
Once the targeted space-vector is computed using (11), v R [k] is normalized by v dc and used to form SVPWM switching pattern. In a real system, v R [k] will be available only after all the measurement A/D conversions and calculations of the controller are completed. Fig. 4 demonstrates the onestep-ahead computation time taking a portion of the execution time. To address this inherent computational delay, the proposed control scheme applies v R [k] at k + 1 by shifting (11) one step forward [19] . As a result, the controller has a step delay between the input and its implementation [20] . Furthermore, when applying the control action at k + 1, the control variables are expected to reach their reference values at k + 2.
In reality, the control variables will not be regulated exactly at k + 2 as illustrated in Fig. 4 . Finally, the major steps taken by the proposed control algorithm can be summarized as follows: (11) and applying it for the next step at k + 1.
C. ERROR DUE TO VARIABLE-FREQUENCY
The performance of a predictive control scheme relies heavily on the correct prediction of the desired control variables to compute the switching states of the converter. Typically, in any model based controller, the predicted variables are known to be dependent on the accuracy of the model parameters, herein filter parameters. This principle is known as model uncertainty or parameter mismatch, and it has been studied in multiple reports [21] , [22] . Nevertheless, in all previous applications, the supply frequency of the converter is considered fixed, and has not been included in the analysis of model uncertainty. In fact, in most algorithms the frequency is not even measured since the voltage at the PCC is assumed to be constant from one control step to the other, i.e.
This subsection is intended to analyze the effects of frequency mismatch between the actual system and the proposed step-ahead control scheme.
As mentioned earlier, the control variables are expected to reach their reference values at k + 2, for the control action at k + 1, obtained from data measured at k. Where, the dc-bus voltage is regulated by a PI control loop, whose integral part minimizes the steady-state error of the dc-bus voltage. The error in frequency measurement appears mainly on the reactive power, hence affecting the unity power factor regulation. This can be mathematically written as
e j2ωT s and ω = 2πf . Based on (12) , the error in the targeted reactive power q [k + 2] when the frequency f is incorrectly estimated can be derived using the Error Propagation formula as
where f = ω/2π is the difference between the frequency assumed by the step-ahead algorithm and the actual frequency, and
According to (12) and (13), an error in the frequency measurement will translate proportionally into an error in the targeted reactive power. Furthermore, these equations demonstrate that for the proposed variable-frequency step-ahead algorithm,
is only valid for low and fixed fundamental frequency applications, which is not the case of variable-frequency systems. Finally, (10) illustrates the importance of accurate and rapid frequency tracking, which can only be achieved by a PLL that offers minimum steady-state error and almost instant response to frequency variations.
D. VARIABLE-FREQUENCY TRACKING SCHEMES
As demonstrated earlier, the step-ahead variable-frequency control scheme will exhibit an error in reactive power if the frequency is not accurately and rapidly inputted in the algorithm. The most common tool to track frequency changes in a grid-tied converter is a PLL scheme. The basic configuration of a PLL, as depicted in Fig. 5(a) , consists of a phase detector, a PID controller with automatic gain control, a controlled oscillator, and a low-pass filter. In this widely employed scheme, the frequency typically has minimum variations, which simplifies the tuning of the controllers. On the other hand, more sophisticated PLL schemes such as discrete Fourier transformation (DFT)-based PLLs use advanced algorithms to improve the bandwidth and dynamic response of the PLL. An example of DFT-based PLL is shown in Fig. 5(b) . In these types of PLLs, the frequency is estimated using a PID controller that minimizes the frequency variations generated by the DFT as demonstrated in [12] and [14] for variable-frequency applications. In this work, the control schemes use an instantaneous PLL (applicable only for three-phase systems), which takes two FIGURE 5. PLL block diagrams; (a) classic PI-based PLL [11] , (b) DFT-based PLL [12] , [14] , and (c) instantaneous PLL. line-to-line voltages as input signals to calculate the phase angle, 0 ≤ θ = ωt ≤ 2π, using the following equation [23] .
Once the phase of the ac supply is estimated, the frequency f can be computed by taking the time derivative of (14) . Fig. 5(c) depicts the block diagram of the frequency estimation scheme using the instantaneous PLL. Here, a first order low-pass filter with a transfer function H f (s) = 1/ (1 + s/ω c ) and a cut-off frequency of ω c is implemented as part of the time derivative in order to filter the high-frequency noise present in the voltage measurements. A rate limiter block is also used to suppress the undesired frequency spikes generated by the discontinuous nature of the θ signal.
IV. EXPERIMENTAL RESULTS
The performance and effectiveness of the proposed control scheme for variable-frequency rectifiers was verified experimentally using a laboratory-scale SiC-MOSFET-based voltage source converter (VSC) as described in Fig. 6 with the experimental setup depicted in Fig. 7(a) . The converter was VOLUME 7, 2019 FIGURE 7. Experimental verification; (a) hardware setup, (b) oscilloscope screen capture for the ultrafast one-step-ahead controller showed in (a), and later plotted in Fig. 8(c) . assembled using a six-pack SiC-MOSFET module manufactured by CREE (CCS020M12CM2) rated at 1.2 kV/20 A in conjunction with a CGD15FB45P gate driver from the same manufacturer. In addition, it has an on-board L filter with L f = 1 mH and R f = 0.25 for grid interfacing, a pre-charge dc-bus circuit, and two series-connected 200 µF/360 V electrolytic capacitors at the dc-bus. The proposed control scheme was digitally implemented using a dSPACE MicroLabBox 1202 with a switching frequency of 20 kHz, i.e. T s = 1/20,000, sampling time of 50 µs, and the parameters listed in Table 1 . The SiC-MOSFET VSC was connected to a programmable grid simulator (12kW Primate Power) with an input line-to-line voltage of 115 V at a variable-frequency between 100 − 300 Hz. The converter was loaded at 1 kW using a resistive load with a dc voltage set-point of 270 V and unity power factor. Finally, the model based dq−controller was tested using the same experimental setup and VSC SiC-MOSFET converter for comparison purposes.
A. REACTIVE POWER ERROR AT VARIABLE-FREQUENCY
The error in the reactive power due to the mismatch between the actual frequency and the frequency used in the stepahead algorithm was validated experimentally by measuring the reactive power with and without the instantaneous PLL enabled. Table 2 shows how the error in the reactive power is substantially reduced and maintained relatively constant when implementing the instantaneous PLL, whereas without the PLL, the aforementioned error increases proportionally with frequency as predicted by (13) . Finally, it is important to notice that this error cannot be fully suppressed as there still exists a certain degree of parameter mismatch between the values of R f and L f in the model and in the hardware.
B. DYNAMIC PERFORMANCE DURING A FREQUENCY STEP CHANGE
To evaluate the dynamic performance of the proposed controller at the fastest possible frequency variation rate, two frequency step changes were applied to both the model based dq−controller and the step-ahead controller. The first step change corresponding to an increase of the frequency from 100 to 300 Hz is depicted in Figs. 8(a) and 8(c) , while Figs. 8(b) and 8(d) correspond to a 300 to 100 Hz step decrease. In general, Fig. 8 shows the dynamic response of the phase-to-neutral voltage v a , the line current of the same phase i a , and the dc-bus voltage v dc . Here, it is clear how the step change in frequency negatively affects the dc voltage regulation of the model based dq−controller, being the worst case observed when decreasing the frequency. Conversely, the proposed control scheme exhibits an ultrafast dynamic response to both frequency step changes, which translates into a successful dc voltage regulation. Moreover, with the proposed controller, v a and i a are always in phase during the frequency transients, thus maintaining a unity power factor at the ac mains at all times. In fact, this successful and accurate unity power factor regulation is a direct consequence of combining the step-ahead algorithm and the instantaneous PLL as demonstrated in Fig. 9 . Here, the performance of the proposed controller was studied with and without the instantaneous PLL for a 100 − 300 Hz frequency step change as it represents the worst case scenario in terms of reactive power error based on Table 2 . As can be seen from Fig. 9 , as quick as the first zero-crossing of the voltage and current after the frequency step change, the proposed control scheme maintains a phase difference of 1.2 o , whereas without the PLL, this phase difference nearly doubles. This tendency is also maintained for the second positive slope zero-crossing. Finally, Fig. 7(b) shows the oscilloscope screen capture cor- responding to Fig. 8(c) and includes the total harmonic distortion (THD) of i a at 100 and 300 Hz. In both cases the THD is below 1.7%, thus complying with industrial power quality standards such as the IEEE Std. 519 [24] .
C. DYNAMIC PERFORMANCE DURING A ±250 Hz/s INPUT FREQUENCY RAMP
To further verify the capabilities of regulating the dc voltage under a different frequency transient. The proposed control scheme and the model based dq−controller were subject to a frequency ramp increase and decrease between 100 to 300 Hz. The slopes of the ramps are based on the Aircraft Electric Power Characteristics MIL-STD-704 [25] standard, which limits the maximum rate of change of frequency in an aircraft variable-speed generator to 250 Hz/s. Fig. 10 shows the dc voltage regulation for the proposed controller and the model based dq−controller during a ±250 Hz/s input frequency ramp. It can be observed from this figure, that the proposed control scheme regulates the dc voltage with minimum overshoot when compared to the model based dq−controller, which suffers voltage swells or dips during the frequency ramps.
V. CONCLUSION
In this paper, an ultrafast step-ahead control scheme for variable-frequency rectifiers has been presented. Experimental results demonstrate that the proposed control technique outperforms the model based dq−controller in terms of both dc voltage regulation and reactive power control. The performance of the two control schemes, i.e. the proposed and the model based dq−controller, was tested under a ramp and step change in the supply frequency. Under these scenarios, the proposed controller regulates the dc voltage with minimum overshoot and almost instant settling time while also maintaining a unity power. In addition, it was shown that at a switching frequency of 20 kHz and a filter inductance of 1 mH, the proposed controller generates sinusoidal input currents with a THD < 1.7% at 1 kW. Altogether, the proposed controller regulates the dc voltage with sinusoidal input currents at unity power factor under variable-frequency by combining the step-ahead algorithm with the instantaneous PLL. Both the simplicity of the step-ahead algorithm and the low computational requirements and accuracy of the instantaneous PLL make the proposed controller attractive for high switching frequencies, which allows the size reduction of the filter components. Moreover, the near zero delay in the frequency estimation provided by the instantaneous PLL, and the fast execution of the step-ahead algorithm allows the proposed control scheme to achieve an ultrafast dynamic performance even under the extreme case of a step change of the supply frequency. 
